Abstract-This paper is concerned with the reliable control for T-S fuzzy systems with time-varying delays using a semiMarkov jump process. The objective is to synthesize a reliable controller such that the considered system is stochastically stable even if the actuator suffers from failures. A modedependent Lyapunov-Krasovskii functional (LKF) is employed and some novel integral inequalities are utilized in order to reduce the conservatism. In this case, some criteria are established and the desired controller can be achieved by settling an optimization issue in view of the proposed criteria. Finally, an example is presented to show the superiority of the given results.
I. INTRODUCTION
Fuzzy logic systems have been found to be special powerful tools to control nonlinear systems because of their general approximation characteristics [10] , [14] , [15] . It has revealed the advantages in utilizing a handful of rules to simulate nonlinear systems based on T-S model in [11] . It approximates a great deal of complex nonlinear systems by combining the flexible fuzzy logic theory with fruitful linear system theory [5] . Recently, thanks to the linear matrix inequality (LMI) technique, the control issue for uncertain T-S fuzzy systems have been investigated [9] . On the other hand, the Markov jump systems (MJSs) which involve random abrupt variations and switches in system paremeters, have also attracted extensive research attention in recent years. Compared with MJSs, many scholars tend to devote themselves to the research of the semi-Markov jump systems because the semi-Markov jump model is not only dependent on transition probabilities but also rely on sojourn time, which has wider applications than the MJSs [1] , [4] , [12] . Lei Su is with the College of Information Science and Engineering, Northeastern University, Shenyang, Liaoning, 110189, P. R. China.
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As is known to all that the existence of time-delays is an immanent property in many fields, and it was considered in many control issues over the past years [7] . Boukas and Liu studied the robust H ∞ filtering for uncertain timedelay systems in [2] . Nevertheless, time delays considered in [2] are assumed to be constant, which is inferior to timevarying delays case. Furthermore, in practical applications, a significant reliability requirement for the considered systems is to synthesize a controller which can tolerate sensor or actuator failures. To name just a few, several reliable control approaches have been proposed, see [8] . To the best of our knowledge, the issue of reliable control for T-S fuzzy delayed systems using a semi-Markov jump process has not been fully studied and remains to be important and challenging.
In this paper we deal with the reliable control for T-S fuzzy delayed system . In order to reduce the conservatism, a modedependent LKF is employed and some novel integral inequalities are utilized. Besides, for averting the employment of the inequality −XP −1 m X T ≤ P m − X T − X, the itemẋ (t) is reserved. Finally, an example is employed to demonstrate the superiority of the presented scheme.
II. PROBLEM FORMULATION
The T-S fuzzy system below is described as (Σ): Plant Rule i : IF ϖ 1 (t) is μ i1 and ϖ 2 (t) is μ i2 and . . . and
where ϖ j (t), μ i j , i = 1,...,r, j = 1,..., p, represent the premise variables and the fuzzy sets; r is fuzzy rule; A i , B i , C i , are known matrices. The fuzzy basis functions are shown as
Thus, h i (ϖ (t)) ≥ 0 for i = 1, 2,...,r, and ∑ r i=1 h i (ϖ (t)) = 1 for all t.
By fuzzy blending, the system (Σ) is described as Σ
The function h(t) satisfies:
The following reliable model is adopted when the actuator suffers from failures.
where
..,s; ℘(t) denotes the semiMarkov process in a set Q = {1, 2,...,P} . The transition probability matrix Ω= π αβ takes the form below
where ℵ > 0 stands for the sojourn time and lim ℵ→0 (o (ℵ) /ℵ) = 0 and π αβ ≥ 0 is the transition rate and
Now, introducing the following matrices
Then, the designed controller takes the form as:
Then, the system Σ can be described aṡ
For the later development, the following definition and lemma are given. Definition 1: [13] if there exists a constant W (x 0 , σ 0 ) > 0 so that for any initial values (x 0 , σ 0 ) , the condition below holds, then the fuzzy delayed system (FDS) (16) is stochastically stable
Lemma 1: For the condition 0 ≤ h (t) ≤ μ and matrix
then the following integrations hold
III. MAIN RESULTS
In order to assure the FDS (16) to be stochastically stable, a sufficient condition is given first which is shown below.
Theorem 1: For given constants μ, and γ, if there exist matrices
then, the FDS (16) is stochastically stable.
Proof: Consider the following Lyapunov functional
Moreover, it is obvious that for any matrices Λ T 1 and Λ T 2 , the following equation holds:
Inspired by [6] , in view of Ξ 2α (ℵ) < 0 and Ξ 3α (ℵ) < 0 and according to Lemma 1, by adding the zero equation, we haveIn view of Ξ 2α (ℵ) < 0 and Ξ 3α (ℵ) < 0 and according to Lemma 1, by adding the zero equation, we have
According to
Then, it follows from (12), we can obtain (22), it is easy to see that:
It follows from (25), (27) and (28), gives rise to
which indicates that
Furthermore, it yields that
that is, the FDS is stochastically stable. The proof is completed.
In view of Theorem 1, the solution to the reliable controller is given below.
Theorem 2: For given scalars μ, θ 1 , θ 2 and γ, if there exist matricesX α , Z ,W > 0,S > 0,Ū α > 0,R α > 0,Q α > 0, P α > 0, so that the conditions given below hold for α ∈ Q, 
moreover, the controller gains can be calculated as:
denote two diagonal matrices
It is clear that pre and postmultiplying (18) 
where 
and
Based on Remark 1, the conditions in Theorem 2 can be converted to LMIs which are given as follows.
Theorem 3: For given scalars μ, θ 1 , θ 2 and γ, if there According to the obtained controller gains, the state response of the system and the possible time sequences of the mode jumps are plotted in Fig.1 and Fig.2 , respectively. It is easy to observe that the designed controller is effective. 
V. CONCLUSIONS
In this paper, the issues of the reliable control for FDS have been researched. The stochastic fault encountered in actuator, is simulated by a semi-Markov jump process. A mode-dependent LKF is adopted and some novel integral inequalities are employed to reduce the conservatism. Finally, the superiority of the proposed method has been elaborated via an example. For future work, the reliable control issue for singular Markov jump systems deserves to develop. 
